Introduction
Hydrogen silsesquioxane (HSQ) has been used as a negative-tone electron beam (e-beam) resist to pattern very fine features with a possible resolution of sub 10 nm. The advantages of using HSQ resist have also a low defect, a high uniformity, and a high etching resistance, and a good adhesion on silicon wafers [1, 2] . It is also well known that there is a significant change of contrast and sensitivity if the e-beam exposure is delayed after the sample preparation [3, 4, 5] .
The cause of the time delay effect has not yet fully understood. In this work, by measuring the sensitivity curves of HSQ resist layers with different thickness, the authors study the time delay effect on HSQ resist films and show where in the films the resist material was actually changed over the period of 12 hours. We report that most of the change in the resist layer happened in the areas close to the film surface, and it was dramatically decreased at the are as deeper inside the resist film. We also used a pattern of 20 nm thick lines and 40 nm wide spaces to study the affect happened inside resist layers, and to test the result obtained from the sensitivity curve measurement.
Experimental
Cleaned boron-doped p-type silicon wafers were first heated on a hot plate at 180 o C for 3 minutes to remove any possible residual water. A commercially available FOx-02 solution from Dow Corning Co., which consists 2% HSQ solution in MIBK, were used. Thin HSQ resist layers of 31 nm, 34 nm, and 43 nm in thickness were obtained by spin-coating the 2% HSQ solution on the silicon wafers for 60 seconds at a speed of 4000 rpm, 3000 rpm, and 2000 rpm, respectively. The samples were then baked at 90 o C for 3 minutes. After this baking, they were all immediately transferred to the main chamber of e-beam lithography system where a high vacuum exists.
All the exposures were done in a 30 keV e-beam lithography system, JEOL JSM-6500F with Beam Draw. A current of 100 pA was used and checked every time after and before exposure. Two patterns were used in this work. A pattern of 2 µm lines and 2 µm spaces was used to measure the sensitivity curves of the samples for each thickness. The second pattern was 1 µm squares of 20 nm lines with the period of 60 nm, i.e. the space between the lines was 40 nm. This pattern was used to study the delay effect at the optimum dose. In order to create the sensitivity curve at 0 hour delay, after transferred into the system, each sample was also immediately exposed by the 2 µm line and space pattern at the exposure doses ranging from 80 to 600 µC/cm 2 . This exposure process took 30 minutes approximately. The sample was then left inside the main chamber of the system and was exposed again with the same series of exposure doses after 12 hours from the first exposure. This means that the exposures with both 0 hour delay and 12 hour delay were exposed on the same sample. The sample was developed in 2.38% tetramethylammonium hydroxide (TMAH) solution by immersion for 60 seconds at room temperature, and rinsed with deionised water for about 20 seconds. The thickness of patterns was measured by an atomic force microscope (AFM) SPI3800 and KLA-Tenco Alpha-Step surface profiler. The error in thickness measurement was approximately 1.5 nm. Figure 1 shows the sensitivity curves of HSQ layers of 31, 34, and 43 nm in thickness with no delay. The sensitivity of HSQ is decreased from 200 µC/cm 2 of 43 nm thick film to 260 µC/cm 2 of 31 nm thick film. This confirms earlier reports that the sensitivity is dramatically decreased as HSQ resist thickness decreases [6] . This loss of the sensitivity when the HSQ resist film is thinner could be explained as the second electrons generated would lose less their energies in the resist layer, decreasing the efficiency of the exposure process, i.e. the sensitivity. Figures 2 and 3 show the time delay effect of the resist films of 43, 34, and 31 nm in thickness over 12 hours. In general, after 12 hours, the loss of sensitivity of the 43 nm thick film is minimal. The loss is getting bigger as the thickness is thinner in 34 and 31 nm thick films. However, not everywhere in the resist film, the increases of dose are equal. Figure 4 shows the relationship between the required dose addition, which is the increase of dose over 12 hours to get the same height as it is in 0 hour delay, and the normalised thickness. In order to get 30% of the initial thickness after 12 hours, an increase of 15, 12, and 0 µC/cm 2 is required for 31, 34, and 43 nm thick films, respectively. Whereas, an increase of 100, 80, 35 µC/cm 2 is required to get 90% of the initial thickness after 12 hours for 31, 34, and 43 nm thick films, respectively. This clearly indicates the dependence of the time delay effect not only on the resist thickness, but also on the depth from the surface of the resist film. The resist thickness dependence of the time delay effect could be understood as the effect of contaminants from the ambient air even under vacuum condition [7] . The contaminants would diffuse into the resist layer and affect the structure of resist polymer, results in the change in sensitivity. With the same area of resist surface and over the same period of time, the contaminants would affect more in a thinner resist film, where there is less total volume of material.
Results and discussion
The depth dependence of the time delay effect could be explained as the diffusion length of the contaminants from the surface. At the locations close to the surface, the contaminants from outside would have a shorter distance to diffuse, and affect more if compared to it does in the locations have a longer depth. The result shows that the cause of the time delay effect is from the surface. In addition, there is little or no change of dose in the half part, which is close to the substrate, of 43 nm thick resist layer. This shows that the delay effect is independent on the substrate of silicon which was used in this work. In order to test the result in Figure 4 , the 20nm line and 40 nm space pattern was exposed into 31 nm and 43 nm thick HSQ resist layers on silicon substrate. First, 480 µC/cm 2 and 430 µC/cm 2 were found as the optimum doses for 31 nm thick and 43 nm thick HSQ films, respectively. The delay effect was then studied by exposing the two samples at their optimum doses at 0 hour delay and 12 hours delay. They were all developed in a 2.38% TMAH solution for 60 seconds. After the development, the heights of 20 nm lines were about 15 nm and 22 nm for 31 nm and 43 nm thick HSQ resist layers, respectively.
Figures 5(a) and 5(b) show that the exposure dose of 480 µC/cm 2 is the optimum dose at 0 hour delay for the pattern resolved from a HSQ resist layer of 31 nm in thickness, but it can be clearly seen that the HSQ resist was underexposed at the same dose of 480 µC/cm 2 after 12 hours. Figure 4 , the changes of dose would be calculated to be 25 µC/cm 2 for the case in Figure 5 (a,b), and only 3 µC/cm 2 for the case in Figure 5(c,d) . The difference of 22 µC/cm 2 between the two doses could be the reason for no change was observed on the pattern in Figure 5 (c) over 12 hours, but the observation was clear in Figure 5 (b).
Summary
In this work, by simply and carefully measuring the sensitivity curves, we have confirmed the effect of contamination from the ambient air even in vacuum on an HSQ resist material. We have shown that the HSQ resist layers were not equally affected by that contamination at different depths. The change in the resist layer was dramatically increased in the area closes to the surface. Also from the sensitivity curves, we found that the cause of the delay effect is not likely from the substrate of silicon. We also confirmed the earlier reports that the loss of sensitivity is bigger when the resist thickness is thinner. We suggest that when exposing patterns over a long time, if no other treatments are added, the ratio of the height of patterns after the development to the initial thickness should be as small as possible to minimize the time delay effect.
